Structure transitions and mechanism of the formation of superlattices lamellae in microporous polyolefin (polyethylene and polypropylene) films obtained in the process based on polymer melt extrusion followed by annealing, uniaxial extension and thermal fixation have been studied by statistical analysis of electron microscopy images of the film surface. The structure of the porous films prepared in the multistage process has been studied by SEM, gravimetry and permeability measurements. It has been shown that the pore formation at the stage of uniaxial extension is accompanied by the ordering of lamellae and their self-organization controlled by spin draw ratio and annealing temperature. It was established that an increase of these parameters lead to the transition of disorder-order type. The effect of preparation conditions on the ordering process of regular spatial lattices of lamellae has been discussed.
Introduction
At present time a large number of porous systems containing microscopic pores have been prepared and studied; and among them, polyolefin films are the most promising materials. Owing to high chemical resistance to various media, they are widely used as gas and liquid permeable membrane materials in medical, chemical, and food industries. Microporous polymer films have a number of advantages over porous systems based on inorganic substances, namely: easy manufacturing, small thickness and hence lower resistance to mass transfer, and high elasticity.
Flexible-chain polyolefins such as high density polyethylene 1,2 and polypropylene [3] [4] [5] [6] are capable to form the oriented lamellar structures during crystallization of polymer melts under extension. The thermal treatment of these samples at temperatures close to the melting temperature of a polymer leads to an increase in the degree of crystallinity and a decrease in the number of tie chains in amorphous regions between lamellae, and, finally, almost all tie chains become stressed. In result of such structure formation the materials (films and fibers) acquire so-called "hard elastic" mechanical properties, that is, high elastic modulus and ability to large reversible deformations. 4, 7 Due to a very low number of tie chains in amorphous regions the pores appear between lamellae at uniaxial extension of hard elastic samples in air at room temperature. Porous films with well developed networks of through flow channels may be used as microfiltration membranes, separators in galvanic cells, and elastic substrates in composite systems. [8] [9] [10] [11] [12] [13] Up to now, there have been few published papers 5, 14 concerning the analysis of the porousfilm preparation process, at which transition from individual pores to a connected network of through flow channels is observed. In 14 it was shown that the formation of through pores in the samples prepared in the process based on melt extrusion occurs via the percolation mechanism. 15 The task of the work was the investigation of the effect of pore formation process conditions on the percolation transitions and or-dering effects at the self-organization of lamellar structure in the polyolefin porous films.
Experimental
The process used to prepare the microporous polyolefin films consists of four stages: (1) melt extrusion, (2) annealing of extruded films, (3) uniaxial extension of the annealed films (pore formation stage), and (4) thermal fixation of the porous structure. 2, 5, 14 The films are characterized by a multilevel (multifractal) structure. 5 Such structure is formed by stacks of crystalline lamellae arranged normally to the orientation (extension) direction of samples, so that molecular chains in crystallites are oriented in the extension direction. Lamellae stacks are connected by thin "bridges" (stressed ties) and form the framework of the solid-phase percolation cluster. 16 In the process of uniaxial extension, discontinuities (pores) appear in such filmsas a result of moving apart and bending of lamellae between the bridges of tie chains. It was shown that the number and size of pores grow with an increase in the degree of extension that leads to the coalescence of pores and the formation of through flow channels, i.e., the films become filtration membranes permeable to liquids. It was also found that the overall porosity (P) and the permeability (G) of the membranes can be controlled by varying the spin draw ratio (λ) at the polymer melt extrusion, the annealing temperature (T ann ) of extruded films and degree of uniaxial extension (ε) at the pore formation stage. 17 Two structure self-ordering types are implemented in the prepared microporous films. The first type includes the cooperative percolation over pores (the formation of through channels) or the geometrical phase transition occurring upon reaching a critical degree of the overall porosity. The second type is associated with the periodic spatial superlattice of lamellae due to the disorder-order transition and ordering of particle aggregates (stacks of lamellae).The percolation transition leads to the formation of a liquid-permeable porous structure and the self-organization of lamellae at increasing the control parameters of the process: λ, T ann and ε.
Commercial grades of linear PE (M w = 170000, M w / M n = 4-5) and isotactic PP (M w = 380000, M w /M n = 4-5) was used for porous films preparation. The melt was crystallized in air. The degree of melt orientation was varied by the spin draw ratio λ. Extruded films were annealed under isometric conditions, i.e. at fixed ends of the film, to prevent their shrinkage at heating. The porous structure of membranes was formed at uniaxial extension of annealed films at room temperature. At the final stage, thermal fixation of the porous samples was performed for relaxation of inner stresses resulting from extension.
The permeability of porous films G was determined by measuring the liquid (ethanol) flow rate through the film. 8 An important characteristic of porous systems is overall porosity, i.e., the fraction of the sample volume occupied by pores. In the microporous films under investigation all type of pores, namely, the open-cell, closed and through pores, contribute to the overall porosity P which was determined by the gravimetric method.
Where ρ is the density of a dense (nonporous) film, being equal to 950 and 900 kg/m 3 for PE and PP films, respectively; and ρ p is the density of a porous film determined by weighing.
The images of the surface of membrane samples were obtained on a FE-SEM SUPRA 35 scanning electron microscope (Ziess, Germany).
Statistic analysis of SEM images was carried out using the cluster two-phase model on a square lattice with the ratio r/ξ ≈ 0.1, where r is the distance between sites and ξ is the correlation length of phase clusters. Within this model, we calculated the average lattice density Ω p of porous phase clusters (porous phase fraction in two-dimensional space) and the radial distribution functions g(R) of the cluster lattice density. The effective size d and fractal dimension D of porous phase clusters were determined by the initial region (R <d) of the fall of curves g(R) using the power-law asymptotic,
The correlation length ξ was identified with the abscissa of the point at the maximum of the direction averaged radial density distribution function g(R) of the porous phase clusters. When the point of the maximum was absent, the correlation length was identified with the point at which the function g(R) reached the asymptote g(R) = 1.
The angular dependences (indicatrices) of the lattice fractal density ρs of the solid phase clusters were obtained according to the procedure described on the scale of a rectangle with area 2rξ centered at the occupied lattice site.
The degree of ordering of the lamellae in the films ϕ, was quantitatively estimated using the coordination order parameter along the extension axis of the films:
where L s|| and L p|| are the periods of alternation of the lattice densities of the solid phase and the porous phase clusters, respectively, along the s axis.
The regular spatial lattice of particles corresponds to the parameter ϕ = 0; with an increase in the coordination disorder, the parameter ϕ increases. The periods L s|| and L p|| were determined using the functions g(R) || calculated in the direction of this axis. The thickness l || of solid phase particles was calculated as l || = 0.8R min , where R min is the position of the first minimum of the corresponding function g(R) || .
Results and Discussion
The microporous films prepared by the method used in this study are characterized by a relief-like strongly developed surface. This pattern arises at uniaxial extension stage in result of stress release due to the through pores appearance. As can be seen from SEM images, the surface relief of the PE and PP films ( Figure 1 )is designed by two types of structural elements; namely, extended large comblike structures arranged perpendicular to the direction of orientation of the film and thin "bridges" aligned parallel to the film orientation direction and connecting the comblike structures.
Deeper regions (pores) are seen between these structural formations on the sample surface. The PP samples are characterized by smaller sizes of the structural elements of the surface relief and by their considerably larger number as compared to the PE films. These characteristics of the surface structure indicate that the PP films have a more developed surface relief than the PE ones. This is confirmed by the measurements of specific surface, which is equal to 41 and 83 m 2 /g for PE and PP microporous films, respectively.
1. Effect of Spin Draw Ratio on the Ordering Transitions
Due to the orientation efforts at the melt extrusion the periodic superlattice of oriented lamellae is formed in the films via the universal mechanism of particle self-ordering, controlled by the spin draw ratio λ. At the stages of extrusion and annealing which is performed at isometric conditions, lamellae are organized in an ensemble of oriented supramolecular structures. Under uniaxial extension of the films prepared at these stages this ensemble transforms to a spatial network of smaller particles, i.e., lamellae stacks (superlattices of lamellae), due to irreversible splitting of structons. The superlattice formation can be considered as the disorder-order transition, which leads to ordering of the multilevel supramolecular polymer structure. At increasing of λ the size and degree of the aggregates ordering increase. The transformation of the microporous films' surface texture with variations in spin draw ratio is caused by the change in the relative contribution from the stacks of lamellae and stressed ties connecting them to the spatial distribution of the density of the solid phase cluster.
A typical property of the microporous polyolefin films under study is the percolation effects which are associated with the formation of a fractal structure of the surface. The fractal cluster of the solid phase is arisen near the threshold of percolation in result of the coalescence of pores and appearance of through flow channels. Percolation mechanism of the through pores formation is demonstrated by the dependence of the permeability G (flow rate through the membrane) on λ which exhibits a percolation threshold of λ for permeability at threshold value of the overall porosity P (the sample volume fraction occupied with pores) (Figure 2 ).
For PE films the threshold is reached at P* = (30 ± 2) %, for PP ones P* = (23 ± 2) %. The difference between the values of P* for PE and PP is connected with the structure details of PE films. This result is in accordance with percolation theory 15 which gives for percolation threshold 2530%.
The transition through the percolation threshold at P >P* is accompanied bythe formation of a percolation cluster of the porous phase in the material. On the film surface, this transition corresponds to an increase in the correla- Figure 1 . SEM images of the PE and PP porous films surface tion length ξ, a decrease in the total anisotropy of the density distribution ρs of the solid phase clusters, and a disordering of the average density distribution of the porous phase clusters. The above phenomena have a common character and are observed in the computer implementation of the lattice clusters models.
The orientational order of lamellae and the degree of orientation of polymer chains increase with increasing λ. This growth is nonlinear, which is indicated by both the nonmonotonic dependence of the correlation length on λ for investigated samples and a significant scatter of the data on birefringence in PE porous films, obtained by changing the parameter λ. 18 It can be assumed that the nonlinear in λ orientation behavior reflects different conditions of their structure formation depending on parameters of melt extrusion process. In this case, the transition from one mode to another is accompanied by a change in the orientation of molecules and supramolecular structures themselves and also porous phase clusters. Of particular interest is the disorder-order orientation transition on the λ scale, associated with the formation of oriented through channels.
Microporous PE films were prepared at variation of λ in the range 24-69. The structural parameters and porous structure transformation have been investigated by statistical treatment of the SEM images. It was obtained that the lattice density fraction Ω s of the solid phase on the surface of microporous PE films corresponds in two-dimensional mapping to the infinite cluster of the particles at Ω s ≥ Ω*, where Ω* is the critical value at the percolation threshold (0.45 ± 0.03). 19 In its turn, the porous structure of the films is transformed upon varying parameter λ, and the transition from discrete pores (Ω p < Ω*) to through channels (Ω p > Ω*) occurs at λ > 29. The existence of the critical value of λ, which provides percolation in PE membranes, was previously found in.
14 Radial functions g(R) of the clusters density distribution of the phases in the general case is typical for the structurally nonuniform systems and nonmonotonically approach the straight line g(R) = 1 (Figure 3a) as R increases. This straight line is reached at R = ξ, where ξ is the correlation radius of density fluctuations. 19 It should be expected that the values of ξ for two mutually complementary percolation clusters coincide (Figures 3b, 3c) . At the same time as lattice density Ω p of the cluster of the particles decreases, the value of ξ increases ( Table 1) .
For the PE film obtained at λ = 69 the periodic oscillation of the functions g(R) near the value g(R) = 1, and Elyashevich et al.: Ordering Effects and Percolation ... functions g(R) almost coincide both for the solid phase and for pores which indicates the formation of the uniform periodic structure of microporous PE films. The infinite cluster is transformed into the two-dimensional quasilattice of oriented particles, and the superlattice is constructed of ordered stacks of lamellae, so that each stack involves ~2.5 lamellae. The mean sizes of the particles (stacks of lamellae) and pores in the direction perpendicular to the orientation axis coincide.
The formation of through channels at increasing of λ is associated with ordering the particles in the orientation direction of the samples. Functions g(R) of clusters of the phases along the orientation direction indicate that the periodicity of alternation of the particles with period L || appears at the scale of the correlation radius ξ. It was calculated that the value of L || substantially exceeds both the thickness of a single lamella (30 nm) and the long period (35 nm). 20 Thus, the anisometric particles that are revealed by SEM on the film surface are the fragments of the solidified polymer material involving the stacks of lamellae. The pattern of the surface is similar to the internal lamellar structure of porous samples; however, they are characterized by a larger scale of structural elements. 20, 21 Periods L || of alternation of the particles and pores in the orientation direction for the porous sample prepared at λ = 69 coincide and correspond to the average period L = 170 nm.
Structure transformations in PP porous films were investigated for the samples prepared at λ = 44 and 78. In the samples, prepared at λ = 78, the 3D regular lattice of lamellae stacks and also the system of oriented through flow channels providing the highest permeability to the sample are formed. In 2-dimensional images the regular scale lattice of lamellae is characterized by a coincidence of alternation periods of lattice density for solid (s) and porous (p) phases clusters along (L s|| = L p|| = 110 nm) and perpendicular (L s⊥ = L p⊥ =110 nm) to extension direction (axe s), both.In this case overall porosity of the films equal 50%, so solid and porous phases in the lattice may be considered as co-dimensional.
In the film prepared at λ = 44 regular 3D lattice of lamellar is absent. Along axes, the condition ξ = L s|| = L p|| = 110 nm is valid. However, in transverse direction there is no any coordination between radial functions g(R) s⊥ and g(R) p⊥ of a lattice density clusters of phases distribution. In this case the solid and porous phases are non-dimensional ones; the overall porosity is 41%. Non-dimensional character of solid and porous phases is the reason of permeability decreasing of this membrane in 1.5 times in comparison withthe film (λ = 78) which is characterized by regular 3D lattice of lamellae.
The transition "co-dimensional -non-dimensional" solid and porous phases is related to the change of topological structure of the films, namely, to transition from the model of statistical network of pores to model of oriented network of through flow channels.
2. The influence of the Annealing Temperature on the Structure Transformation at Pore Formation
The process of the pore formation at uniaxial extension is regulated by self-organization of lamellae and, consequently, strongly depends on the lamellar structure formed at extrusion and annealing stages. Figure 4 shows the relationship of the basic parameters (T ann and λ), ensuring the achievement of percolation values of the overall porosity (23 and 30% for PE and PP films, respectively). This figure shows, under what combination of values λ and T ann appears through permeability in porous polyolefin films. The figure evidences: when extrusion was performed at lower λ, the percolation value P* is achieved at higher T ann , and vice versa; if on the extrusion stage greater λ was used, then annealing can be performed at lower temperatures T ann . However, this regularity is disrupted for PE. The fact is that structural rearrangement, consisting in increasing the size of lamellae occurs when annealing was carried out at temperatures at which the mobility of the chains in the PE crystals appears. According to dynamic mechanical analysis (DMA) for obtained PE films, this temperature is in the range 90-100 °C ( Figure 5) . Annealing of the films at lower temperatures does not permit to realize the perfecting of the lamellar structure and transition to a hard-elastic state, which is a prerequisite for the formation the through channels, upon subsequent uniaxial extension. The weakening of the connection between λ and T ann for PE films at T ann close to 100 °C shows, that further increase λ does not allows to decrease T ann below this temperature. For PP films character of relation between thresholds λ and T ann does not change, because in this case used values λ correspond T ann, which are higher than appearance of chains mobility in crystals 130-140 °C according to DMA ( Figure 5) . lence of the through oriented channels (after the percolation threshold) occurs a linear correlation between two and three dimensional porosity ( Figure 6 ).
The dependence of permeability of porous films G on the parameter τ = (P -P*)/P* characterizing the degree of deviation of the porosity parameter P from the percolation threshold P* was studied. The parameter P in the region P >P* was varied by changing of T ann ; P linearly increases with T ann . It was shown that the dependence G(τ) is a power-law function G ~ τ t and is characterized by the critical indices t = 1.5 and t = 1.9 for λ = 44 and λ = 78, respectively.
The change of the critical index t with increasing λ can be associated with the transition from percolation in a random inhomogeneous medium (t = 1.5) to anisotropic percolation over oriented through channels (t = 1.9). Such a transition should be a consequence of an increase in the cooperativity of the lamellae ordering process at the stage of pore formation and the development of a regular spatial 3D lattice of particles.
An analysis of the two-dimensional SEM images of the membrane surface makes it possible to clear up the character of pore formation process with increasing porosity P or the degree of deviation τ from the percolation threshold P*. The areas occupied by pores increase that corresponds to the pore growth under steady-state conditions at which the lamellar structure of membranes is ordered.
The investigation of correlations between the two-dimensional network density Ω p of porous phase clusters and the volume porosity P of PP membranes shows that Ω p is independent of P in the case of λ = 44; at λ = 78 the linear correlation between these parameters is observed. The equality Ω p = P is valid for homogeneous systems. Porous phase clusters in the membranes under study are topologically inhomogeneous due to the presence of three pore types: through, closed, and open cell. The establishment of the linear dependence Ω p (P) in going from λ = 44 to λ = 78 suggests that, among three pore types, through channels begin to dominate.
With an increase in T ann , lamellae undergo ordering: the larger is the value of λ, the higher is the rate of decrease in the degree of ordering the lamellae ϕ which approaches zero at T ann → T m . The transition from a less ordered cluster of the solid phase to a more ordered cluster is associated with the convergence of the values of the periods L p|| and L s|| and with the formation of a superlattice of lamellae. Similar self-organization of particles in membranes occurs with an increase in the parameter λ at a fixed temperature T ann .
The effect of the annealing temperature T ann on the degree of ordering the lamellae ϕ in the membranes is illustrated in Figure7 (curve 2). In the range T ann < 439-440 K with an increase in T ann , lamellae undergo ordering. In this case, the larger is the value of λ, the higher is the rate of decrease in the parameter ϕ. In the temperature range To establish a correlation between the density of the porous phase Ω p (the surface area occupied by all types of pores) and overall porosity P, the PP films obtained at different T ann for which there is a linear relationship between these parameters were selected. In the case of the preva- T ann > 440 K the parameter ϕ is calculated for aggregates of lamellae. The permeability G of the membranes prepared at the parameter λ = 78 increases to infinity with an increase in the annealing temperature T ann ( Figure 7 , curve 1). This behavior of the dependence G(T ann ) is explained by the fact that, in the range T ann < 440 K, the permeability increases as a result of the increase in the degree of ordering of the particle lattice (with a decrease in ϕ) at a constant pore size d, whereas at T ann > 440 K, it increases due to the increase in the pore size d when ϕ≈ const. lamella ordering process. The choice of this or that mechanism by the system depends on the melt spin draw ratio λ during extrusion.
The Uniaxial Extension Stage
The self-organization of elements forming the the film surface relief, which is similar to the lamellar structure of the polymer, occurs at the stage of uniaxial extension of the films (pore formation). It should be noted that uniaxial extension of the annealed PE and PP films leads to the formation of pores even at small degrees of deformation ε, immediately from the beginning of the extension process that may be observed visually in the change of transparent annealed films to opaque milk-white microporous material because of the light scattering on the walls of pores. 22 Uniaxial extension of the polyolefin samples along the direction of extrusion initiates an ordering process of particles of the solid phase -crystalline lamellae -and the ties connecting them. The self-organization of solid phase particles is accompanied by the increase in anisotropy of mechanical properties of the samples, change in their texture from biaxial to axial, an increasing in the degree of homogeneity of the spatial structure and a significant growth in the permeability, which reaches a value of 250 l/ (m 2 h atm) that is characteristic for the membranes with a regular 3D lattice lamellae 2,5,17.
Conclusion
The transformations of supermolecular organization in the process of porous structure formation under study The statistical analysis of SEM images of PP porous films prepared at λ = 44 and 78 shows that the films surfaces exhibit polymorphism represented by two regions with different topologies: regularly arranged particles similar to those ones in the films annealed at T ann < 442 K, and the regions characterized by larger supermolecular structure formed at T ann > 442 K whose size increases with T ann . The transformation of the film surface microrelief from the first type to the second one of regions manifests itself as a sharp increase in the period L s|| of alternation of the density of the solid phase cluster (Figure 8 ).
The increase of L s|| in the films annealed at T ann = 442-444 K is associated with the formation of stacks of lamellae constituting the framework of the solid phase percolation cluster. 16 The aggregation of lamellae leads to the separation of the curves L s|| (T ann ) at the point of bifurcation at a temperatures T ann > 440 K into two branches: for the individual lamellae (curve 3) and for the aggregates of lamellae. It should be noted that the alternation of the solid phase density L s|| for the individual lamellae, within the error of calculation, does not depend on T ann and λ.
Thus, two self-assembly mechanisms with increasing T ann were detected: the gradual and bifurcation ones; the latter is characterized by a higher cooperativity of the have been analyzed using statistical treatment of the SEM images of the PE and PP films surfaces at variations of their orientation degree. The porous structure of these films is originated at uniaxial extension stage following the extrusion and annealling. Basic characteristics of the porous structure -permeability and overall porosity -are significantly affected by both the degree of orientation λ of the polymer melt at extrusion stage and also the annealing temperature T ann of the extruded films. The dependences of permeability on T ann and λ are characterized by the percolation threshold for the appearance of through flow channels. At uniaxial extension the permeability increases with degree of extension due to increasing of number and sizes of through pores. This growth is accompanied by a rising of the ordering degree of the structure elements -self-organization and the formation of the superlattice of crystalline lamellae. The sample structure is transformed from biaxial topology of the random network of pores to uniaxial one of the oriented through channels. The self-organization of porous phase is the result of formation the regular spatial lamellar 3D lattice at the pore formation stage. This transformation may be considered as the disorder-order transition which leads to the ordering of the multilevel supermolecular structure of the film.
